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Abstract 

The unparticle effects on the B s -B s mixing is revisited. Taking into account the unitarity 
constraints on the unparticle operators, we find that the contribution of the vector unparticle is 
very suppressed compared to that of the scalar unparticle. This is due to the fact that the lower 
bound of the scaling dimension of the vector-unparticle operator is larger. It is also shown that 
the mixing phase from the scalar unparticle is negative, and unparticles can produce large mixing 
phase. 
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A few years ago Georgi proposed a totally different type of new physics called "unparti- 



cles" jl|. In this scenario, there is a scale-invariant hidden sector which couples to the SM 
particles very weakly at high energy scale Ay. When seen at low energy, the hidden sector 
behaves in different ways from ordinary particles, hence dubbed as unparticles. In a word, 
unparticles behave like a fractional number of particles. 

We have many reasons and clues to conclude that the standard model (SM) of particle 
physics is only an effective theory at low energy, and there must be some new physics behind 
it. Many kinds of new physics — supersymmetry or extra dimensions, etc. — involve some 
new sets of particles, thus the discovery of the unparticle would be one of the most spectacular 
phenomena ever seen. With the reoperation and the first high-energy collision of the Large 
Hadron Collider (LHC) at CERN very recently, we anticipate unparticles as well as other 
new physics signals to be seen sooner or later. 

Suppose that at some high energy ~ Mu, there is a ultraviolet (UV) theory in the hidden 
sector with the infrared (IR)-stable fixed point. The interaction between the UV theory and 
the SM sector can be described by an effective theory formalism. Below Mu, a UV operator 
Ouy interacts with an SM operator Osm through CsmCuv / 'M^ SM+duv ~ 4 '. Here g?uv(sm) is the 
scaling dimension of Ouv(sm)- The renormalization flow enables one to go down along the 
scale, until a new scale Au is met. It appears through the dimensional transmutation where 
the scale invariance emerges. Below Au the theory is matched onto the above interaction 
with the new unparticle operator Ou as 

CU M dsM+dvV-i° SM ° U ' W 

where du is the scaling dimension of Ou and Cu is the matching coefficient. Because of 
the scale invariance, du doesn't have to be integers. This unusual behavior of unparticles is 
reflected on the phase space of Ou- To see it, consider the spectral function of the unparticle 
which is given by the two-point function of Ou'- 

Pu {P 2 ) = J d 4 x e lP x (0\O u (x)Ol(0)\0) 

= A d J(P°)6(P 2 )(P 2 ) du - 2 , (2) 



where 



IGtt 2 ^ T(du + \) 
du (2tt)^ T(d u - l)T(2d u ) ' 1 ' 
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is the normalization factor. The corresponding phase space is 

d*u(P) = Pu{P 2 )^i = A du 9(Py(P 2 )(P 2 ) du - 2 ^ ■ (4) 

Since du is not constrained to be integers, d$u looks like a phase space for a fractional 
number of particles. 

After Georgi, there have been a lot of researches on unparticles Among them 



are the unparticle effects on 5-physics and meson mixing 4|-|l0l]. Especially, the B s -B 



mixing has much attention after the first observation by CDF and DO [llj. Recently, the 
DO collaboration announced the evidence for the charge asymmetry of the like-sign dimuon 



events 



For more discussions about B s -B s mixing, see [13l . Il4| and references therein. 
For simplicity we only consider the left-handed currents coupled to scalar (C^) and 
vector unparticles as follows: 

^7,(1 - 75)<? POu + -^q\(l - l,)q % , (5) 

where csy are dimensionless coefficients. We assume that csy are real numbers. The above 
interactions provide flavor-changing neutral currents at tree level, which contribute to the 
B s -B s mixing. The propagators of scalar and vector unparticles are given by 

/? A , P -i<i>u 
d'x e^(0\TO u (x)O u (0)\0) = . % im \- ^ du , (6) 
2 sin dun [P A + ie) z du 



and 

iA du e-**" \ _ uu , 2 (d u - 2) P»P V 

d u - 1 P 2 



(7) 



respectively, and <pu = {du — 2)n. Note that the relative size of the coefficients of — g^ u and 
pupv I pi j n Eq. (TTj) is not unity, but some function of du It is due to the unitarity 

constraints. This point is not reflected in the literature. Another point which is erroneously 
used so far is that the scaling dimension du is commonly used for Ou and Oy. Obviously this 



is not true; in general they can be independent variables. Furthermore, 15] has shown that 
the scalar-unparticle dimension has a lower bound d u > 1 while for the vector-unparticle 
dimension, d^ > 3 from unitarity [15]. Thus in what follows, we will distinguish d u = ds 
and dj^ = dy- As will be seen later, the unitarity bound for dy has a significant meaning 
for the B s -B s mixing. 



In general, the B s -B s mixing is parametrized by the quantity M[ 2 defined by 

2M Bu M& = (B° s \nt f B f 2 \B° s ) , (8) 



where H^ff 2 is the effective Hamiltonian for the AB = 2 transitions. The SM contribution 
to Mf 2 is given by the box diagrams, resulting in 



M( 2 



C 2 M 2 



(9) 



where So(xt = m 2 /M^) is the Inami-Lim function [16|] and f}B a is the QCD correction factor. 
The mass difference AM S is then AM S = 2|jVff 2 |, and the experimentally measured value is 



AMf p = 17.77 ± 0.12 ps^ 1 . (10) 

If there is a new interaction of Eq. (jSJ), it contributes to the B s -B s mixing through the 
s- and t-channels at tree level. Explicitly, one gets 
A d8 e-^s ( f £ n ' - 2 n ds 



M- 



8sin<i,s7r \Mb 
, A dv e~^v ( f 2 



Ml 



m b 5 OR 



8sin<iy7r VMb 



Ml 



d v -l 



8 2(d v 

"q 1 + — 1 

3 GSy - 



-2) m 2 5 
~M13 RB \ 



where 



i2 



M 



Here Bi 2 are the bag parameters for the relevant operators as follows: 



(12) 



(B.\Q X \B.) = -Mlf B B x 



(B S \Q 2 \B S ) 



MlJlRB 2 , 



(13) 
(14) 



where 



Q\ = &q7m(1 - 75)S Q 6/37 M ( 1 - 75)S/3 

Q2 = K{1 - 7b)soAb(1 - 75)S/3 • 



(15) 
(16) 



The new physics effects on B s -B s mixing can be nicely encoded in the following manner 
121= 



The phase of M 12 is 



M 12 = Mf 2 M + M l i, = Mf 2 M • A . 



(17) 
(18) 
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where A = |A| e 1 ^ . With the help of Eq. ( 1TT|) . one can easily obtain (for simplicity we put 

m b = M Bs , and Bio = R = 1) 



A = 1 + 



Mf 2 M 



1 + c2 sfs(d s ) cot d s n + c 2 yf v (d v ) cot dyn - i c s f s {d s ) + c v f v (dy 



(19) 



where 



fs(ds) = 
fv(d v ) = 



Mf 2 M \M Ba 



Mf 2 M \M. 



(2tt) 2 ^ T(d s - l)T(2d s ) 

27T 5 / 2 r(dy + \) 



Ml 



5 
3 ' 



2(dy - 6) 

3(d v 



1} 



(20) 
(21) 



(2tt) m v r(d y - i)r(2d v ) 

Note that the power of M§ /A^ is different for f s and fy. If ds = d v , then / s is suppressed 
by a factor of M§ /A^, which amounts to ~ 3 x 10~ 5 for = 1 TeV. But if we consider the 
unitarity constraints, ds > 1 and <iy > 3. For simplicity we may set ds = 1 + e, G?y = 3 + e. 
In this case, on the contrary to the previous estimation, fy is much more suppressed by the 
factor of 

1 / A/f2 \ 

= 1.8 x 1(T 8 , (22) 



(2tt)< 



Ml 



for A u = 1 TeV. 

The experimental values for AM S and 4>f constrains the new physics parameters. Figure 
[1] shows the allowed region of cs and e when cy = 0. We use one of the latest value of 
<f) s = —0.79 ± 0.24 18[ which fits the new DO anomalous dimuon asymmetry, and <f)^ M = 
(4.7±|;f) x 10" 3 |14j. Even in the case of cy 7^ 0, the effect of cy ~ is negligible because 
of the suppression by Eq. (1221) . If we switch off cs and turn on cy, we have no overlaps for 
AM| xp and <pf, at least for moderate ranges of cy and e. In other words, the coupling cy 



must be enormous to compensate the kinematic suppression ([22]) . 

The expression Eq. (fT9~|) also has important meanings for the phase, (f> s . The imaginary 
part of A is 

c 2 s fs + cyfy = -|A| sin^f = - (^j) sin^f . (23) 
Since fy is highly suppressed, the left-hand-side remains positive (for moderate values of 



cy) and thus — n < (fif < 0. Note that our M^ 2 is the same as that of [lOj, and different 
from [7| by a factor of (if 2). For this reason, the cot(d5 ) y7r) term enters the imaginary part 
of A in |7| and the phase can have both positive and negative values with the variation of 
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FIG. 1. Allowed region of cs (vertical, in log scale) and e (horizon) from experimentally measured 
AM S and (f>f~ for cy = 0. Blue region (solid line) is from AM| xp (l-u) while red one (dashed line) 
from <pf~ (1-cr). 



dsy- In our calculation this is not true. Figure |2] shows AM S vs 4>f for various values of cs- 
In this Figure, we only consider the scalar contribution. For cy = 0, the imaginary part of 
A is definitely negative, so we expect that the scalar unparticles induce negative smcj)f. As 
one can easily find in the Figure, the scalar unparticle can produce a large phase. 

If (pf turned out to be positive, then one could expect cs = and cy ^ 0. Note that 
for e < 3 the function fy is negative. But the suppression is very severe, and the coupling 
cy should be of order ~ C(10 8 ). So in this case one can conclude that the unparticle 
contributions cannot explain the positive (pf for moderate values of the couplings. 

In conclusion, we investigated the unparticle effects on the B s -B s mixing. Scalar and 
vector unparticles can contribute to the mixing at tree level via s- and t-channels of the 
unparticle exchange. The effects were already studied in the literature, but the previous 



studies did not consider the unitarity constraints of [15|. We found that the unitarity 
constraints play a crucial role in the analysis. If the scaling dimensions of the unparticle 
operators are universal as is common in the literature, the vector-unparticle contribution 
is dominant. But the unitarity condition puts different lower bounds for the dimensions 




FIG. 2. Contour plots for AM S (horizon, in ps 1 ) and 0^ (vertical, in degree) for e = 0.5. We put 
cy = 0. The numbers in the boxes are the values of cs- 



of the unparticle operators. When we take into account this point, the vector-unparticle 
contribution is highly suppressed by a factor of ~ (9(1CT 8 ), compared to the scalar-unparticle 
contribution (assuming that the couplings are of the same order). According to 15|, the 
tensor structure of the propagator of the vector unparticles is slightly different from that 
of the ordinary vector particles. But since the vector contribution to the B s -B s mixing is 
negligible, it is very hard to notice the differences. We also found that the phase <pf from 
the scalar unparticle is negative definite. This is compatible with the current experimental 
data. Fortunately, the scalar unparticle can produce large mixing phase. 

It might be also interesting to examine the unparticle effects on B s — > J /ip4> and B s — > 00, 
as analyzed in |6j. With the unitarity constraints, the fact that the mixing-induced CP 
asymmetry for B s — > J/ip(fi can be large by unparticles would not be changed, but the 
contribution would be dominated by scalar unparticles. And the transition amplitude of 
B s — > 00 from vector unparticles is much more suppressed compared to the result of f| 
since the amplitude is proportional to (mB a /^u) 2dy ~ 2 - 

As a final remark, possible new physics effects on the decay matrix element T* 2 have 



received much attention recently after the DO anomaly. There have been lots of works 
considering new physics effects on rf 2 - Since rf 2 is the absorptive part of the effective 
Hamiltonian and unparticles can be seen as an infinite tower of massless particles 19j, one 
could expect that there is a 8izab ,co n , lbuti o nfr0mUn pa rti c,sQ. Dedicated wel to 
this issue will appear elsewhere. In the current analysis we simply assumed that new physics 
contributes only to M\ 2 . 



ACKNOWLEDGMENTS 

This work was supported by the Basic Science Research Program through the National 
Research Foundation of Korea (NRF) funded by the Korean Ministry of Education, Science 
and Technology (2009-0088396). 



[1] H. Georgi, Phys. Rev. Lett. 98, 221601 (2007); Phys. Lett. B 650, 275 (2007). 
[2] K. Cheung, W. Y. Keung and T. C. Yuan, Phys. Rev. Lett. 99, 051803 (2007); Phys. Rev. D 
76, 055003 (2007). 

[3] M. Luo and G. Zhu, Phys. Lett. B 659, 341 (2008); Y. Liao, Phys. Rev. D 76, 056006 (2007); 
T. Kikuchi and N. Okada, Phys. Lett. B 661, 360 (2008), Phys. Lett. B 665, 186 (2008); 
T. Kikuchi, N. Okada and M. Takeuchi, Phys. Rev. D 77, 094012 (2008); N. V. Krasnikov, 
Int. J. Mod. Phys. A 22, 5117 (2007), Mod. Phys. Lett. A 23, 3233 (2008); F. Sannino and 
R. Zwicky, Phys. Rev. D 79, 015016 (2009); D. C. Dai and D. Stojkovic, Phys. Rev. D 80, 
064042 (2009); J.-P. Lee. larXiv:0710.2797l [hep-ph] . larXiv:0803.0833l [hep-ph] . AIP Conf. Proc. 
1078, 626 (2009), Phys. Rev. D 79, 076002 (2009). la7XTv:0911.5382l [hep-th]. 

[4] C. H. Chen and C. Q. Geng, Phys. Rev. D 76, 115003 (2007). 

[5] X. Q. Li and Z. T. Wei, Phys. Lett. B 651, 380 (2007). 

[6] R. Mohanta and A. K. Giri, Phys. Rev. D 76, 075015 (2007). 

[7] A. Lenz, Phys. Rev. D 76, 065006 (2007). 

[8] S. L. Chen, X. G. He, X. Q. Li, H. C. Tsai and Z. T. Wei, Eur. Phys. J. C 59, 899 (2009). 
[9] R. Mohanta and A. K. Giri, Phys. Lett. B 660, 376 (2008). 
[10] J. K. Parry, Phys. Rev. D 78, 114023 (2008). 

8 



[11] A. Abulencia et al. [CDF Collaboration], Phys. Rev. Lett. 97, 242003 (2006); A. Abulencia 
et al. [CDF - Run II Collaboration], Phys. Rev. Lett. 97, 062003 (2006); V. M. Abazov et al. 
[DO Collaboration], Phys. Rev. Lett. 97, 021802 (2006). 

[12] V. M. Abazov et al. [DO Collaboration], Phys. Rev. D 82, 032001 (2010); Phys. Rev. Lett. 
105, 081801 (2010). 

[13] J. P. Lee and K. Y. Lee, Phys. Rev. D 78, 056004 f2008): laFXTv:0809.0751l [hep-ph]. 
[14] A. Lenz et al. larXiv:1008.1593l [hep-ph], 

[15] B. Grinstein, K. A. Intriligator and I. Z. Rothstein, Phys. Lett. B 662, 367 (2008). 

[16] T. Inami and C. S. Lim, Prog. Theor. Phys. 65, 297 (1981) [Erratum-ibid. 65, 1772 (1981)]. 

[17] A. Lenz and U. Nierste, JHEP 0706, 072 (2007). 

[18] C. W. Bauer and N. D. Dunn. la7Xiv:1006.1629l [hep-ph], 

[19] M. A. Stephanov, Phys. Rev. D 76, 035008 (2007). 

[20] See, for example, X. G. He, B. Ren and P. C. Xie, larXiv: 1009.33981 [hep-ph]. 



9 



